Abstract Great advances are expected during the analysis of drilled material acquired from 2 m depth by ExoMars rover, supported by the comparison to local context, and the joint use of different instruments. Textural information might be less detailed relatively to what is usually obtained at outcrops during classical geological field work on the Earth, partly because of the lack of optical imaging of the borehole wall and also because the collected samples are crushed. However sub-mm scale layering and some other sedimentary features might be identified in the borehole wall observations, or in the collected sample prior to crushing, and also at nearby outcrops. The candidate landing sites provide different targets and focus for research: Oxia Planum requires analysis of phyllosilicates and OH content, at Mawrth Vallis the layering of various phyllosilicates and the role of shallow-subsurface leaching should be emphasized. At Aram Dorsum the particle size and fluvial sedimentary features will be interesting. Hydrated perchlorates and sulphates are ideal targets possibly at every landing sites because of OH retention, especially if they are mixed with smectites, thus could point to even ancient wet periods. Extensive use of information from the infrared wall scanning will be complemented for geological context by orbital and rover imaging of nearby outcrops. Information from the context is especially useful to infer the possible action of past H 2 O. Separation of the ice and liquid water effects will be supported by cation abundance and sedimentary context. Shape of grains also helps here, and composition of transported grains points to the weathering potential of the environment in general. The work on Mars during the drilling and sample analysis will provide brand new experience and knowledge for future missions.
Introduction
Reconstructing past conditions on Mars is important for astrobiology and, to this purpose, subsurface drilling is expected to provide a significant leap forward. This work is a synopsis, focusing on geological features that are expected to be observed when the ExoMars (EXM) rover will drill in the subsurface, searching for both textural biosignatures and organic compounds (Bost et al. 2013 (Bost et al. , 2015 . The observations can potentially provide new information in order to infer past environmental conditions on the planet. Therefore, this is a pro-active study to prepare for this mission by assembling potential observations that can support the interpretation of past and recent environments on Mars. We overview the links between potential observations of different instruments and support them with the current understanding of Mars, i.e. on how the knowledge on the regional context supports the interpretation. Firstly, the methods are outlined (BMethods^section) that the rover could use during exploration. Secondly (BResults^section), the potentially observed features are listed, i.e. structural, particle size and shape, and compositional issues. Thirdly, the BDiscussion^section gives an overview on how such observations could point to certain geological facies and ancient physicochemical conditions, and also which are the expectations for the EXM landing sites. This sequence of presentation almost follows the expected argumentation using the results gained during the mission: assembling separate information from different detectors toward reconstructing the ancient environments. In the BConclusions^section, while summarising our findings, we provide estimations of the importance of having a geological context in order to reach a proper interpretation. This work was compiled under the COST TD 1308 action (BORIGINS^) that aims to realize trans-domain research in astrobiology. Paleo-environmental reconstruction is a multi-disciplinary activity as mineralogists, chemists, and physicists have towork together with geologists and biologists to estimate whether ancient conditions did support life on Mars or not.
The ESA EXM rover is planned to land on an old and/or sedimentary terrain to investigate it with various instruments. Although such a terrain is expected to also contain rocks excavated from a large depth, mostly loose or cemented material will be finally sampled. In depths of down to 2 m, small-scale sedimentary features such as particle shape, grain size distribution, and compositional indicators will be investigated, as well as the mineralogical composition, especially that of phyllosilicates (Bibring et al. 2006; Poulet et al. 2005 ) and bound OH content in sulphates and weathered silicates (Rice et al. 2013) . These features are representative of past water action and environmental variations (see later in the BIndication of water and ice^, BHydration level^and BCompositional issues^chapters). These can be detected with the EXM rover and, as a result, provide constraints to past environmental conditions, especially those related to the formation of phyllosilicates in the Noachian era at the candidate landing sites.
It is clear that a detailed analysis of the Martian regolith is necessary in order to understand the context and proceed to correct interpretations. Besides earlier remote analyses of the landing sites, the rover will closely inspect the outcrops (including the use of small sized impact craters in general to estimate the existence and location of strongly indurated shallow subsurface layer, Kereszturi 2012 ) to study subsurface characteristics, which will be used to rank the potential locations for drilling. A good registration of the local geological setting, apart from selecting drilling locations with a potential, can also provide background for discussions and interpretations. The detailed characterization of the landing sites is presented in the section BExpectations at EXM rover landing sites^.
Methods
This review is based on a careful selection of published results that are deemed reliable, and they were evaluated from the point of view of the instruments' capability. These pieces of information were fused in order to identify target sedimentary features that support and improve the planning of future research strategies. We use the term Bpaleo-environmental indicator^to geological features that may facilitate identification of environmental processes and past conditions. The instrumental setup and their analytical capabilities are summarized in Table 1 .
The target analysis will start from distance (PanCam, ISEM), continued from nearby before the drill (CLUPI), during the drill (MaMISS), of the fine (CLUPI), and crushed fine (CLUPI, MicrOmega, RLS, MOMA). PanCam (Panoramic camera) provides a surface context of the sedimentary setting, and cm scale textural information such as layering or cementation of pebbles, similarly to Curiosity in Gale crater (Williams et al. 2013 ) at nearby outcrops. The Table 1 EXM instruments evaluated in this work (Arevalo et al. 2012 , Brinckerhoff 2012 Bost et al. 2015; De Angelis et al. 2014; Griffiths et al. 2006; Hill et al. 2011; Jaumann et al. 2010; Josset et al. 2012; Pilorget and Bibring 2013; Rull et al. 2011 ISEM (Infrared Spectrometer for ExoMars) mounted on the mast will provide remote compositional data in order to select ideal locations for detailed inspection. It is also capable of identifying hydrous minerals. During the drilling process, MaMISS (Mars Multispectral Imager) will illuminate the borehole wall and will spectrally analyse the reflected light through a hard transparent sapphire window on the driller, in order to identify the subsurface distribution of minerals. It is expected to reveal possible features of the original strata by rotationally scanning the borehole wall, producing both vertical and horizontal profiles. CLUPI (Close-UP Imager) can provide images of sedimentary structures of uncrushed rock surfaces and micro-scale photos of the fines produced by the drill and later by the crushing station. The crushing station will produce powder from the acquired sample (grain size depends on material properties and crushing time, tests suggest to be around the range of 100 μm; Schulte et al. 2012b ) erasing the sedimentary context and potential biomorphic structures, but making certain instrumental analysis easier (see later). The MicrOmega infrared spectrometer and the RLS (Raman spectrometer) will scan the crushed and flattened power, and the MOMA (Mars Organics Molecule Organiser) will scan/pyrolize the powder of crushed material to identify minerals, hydrated phases and organics. The sample will be acquired from the bottom of the borehole, which is not necessarily the same with that accumulated as a cone of drill debris on the surface. Unfortunately, borehole wall could not be recorded as an outcrop (the sampled grains in their original environment), although some textural information on the collected material by PanCam and CLUPI for context, and on the drill wall by MaMISS could be gained. A general picture should be built from separated information from different instruments, where the context from PanCam and radar (WISDOM) analysis are also important beforehand. Hypothetic Martian biomorphic signatures are important targets, which might appear at different spatial scales (Westall et al. 2015) , also might be small (Foucher and Westall 2009; Westall et al. 2011 ) and the crushing could destroy them. Tests (Foucher et al. 2014a) suggest that integration of results of more instruments is necessary for interpretation to compensate the loss of textural information because of during the crushing process (Foucher et al. 2014b ). Shifting and broadening of Raman peaks is also expected in crushed regolith samples, the signal/noise ratio will decrease (Foucher et al. 2013) and the fluorescence will increase (Foucher et al. 2011) . The difficulty of identifying carbonaceous biogenic fossils is demonstrated for precambrian rocks (Foucher et al. 2015) . These blind tests suggest that the joint interpretation of results from different instruments is necessary to reach firm conclusion.
Results
The potentially important targeted features are summarized below using Earth analogues for structural features (i.e., layers, concretions), for geometrical features (i.e., grain size and shape), and for mineralogical information (i.e., chemical composition, OH content). Among them, special emphasis is given on the hydrous minerals, because these are sensitive environmental indicators.
Structural Features
The EXM instrumental setup is restricted in optically identifying structural features since only the MaMISS scans will be available from the borehole walls, and the spatial density of the data points as well as the scanning strategy (e.g., density and spatial distance of tracks) is limited. Even though the layers could be identified correlating compositional and particle size/shape trends with those observed in the laboratory, the sampling interval is still a limiting factor in identifying layers. In theory the bedding, ripple marks, mud cracks, or even cross-bedding could be identified at cm scale, although they require detailed information from the borehole wall scans, and comparing the sample before and after crushing might help. Moulds are also candidate targets to look for. The Opportunity rover identified similar features in sulphate-rich rocks at the Meridiani Planum. These exhibited plate-shaped voids left behind after soluble evaporitic minerals were removed from the strata (Herkenoff et al. 2004 ). Their morphology is compatible with the triclinic phase of hydrous magnesium sulfate MgSO 4 ·11H 2 O (Peterson and Wang 2006) .
Ice and sand (sediment) wedges are thought to be frequent on Mars, inferred from polygonal features appearing on the surface. The size range of such wedge casts may be on the meter scale; thus, it seems improbable to identify them even if the drill crosses one. Among the sedimentary deformational features, cm-scale ones may also exist at periglacial terrains, but their identification is still difficult in borehole wall scans, except if they show a characteristic textural contrast between the base sediment and the material of the wedge filling.
Past hydrothermal systems could produce veining, like it was observed by Curiosity (Arvidson et al. 2014) , which could be a target for PanCam in outcrops. CLUPI could contribute in such observation by analyzing crusted or mantled grains (surrounded by later formed secondary minerals, like for example identified at Haughton-crater, Northern Canada by Osinski and Spray 2001) , and also as crushed parts of earlier drilled veins using MicrOmega, comparing the shape and composition of lithic fragments. Detailed search for micro-volume voids in minerals should be made, as they could provide geochemical information for the origin and evolution of hydrothermal systems. To perform such a task analogue tests with crushed veins or crusted grains would help to see ideal ways how to use parallel high-resolution chemical, mineralogical and morphological analysis.
Particle Size and Shape
Aeolian sediments include well-sorted grains with 0.7-2.2 μm size (Kahre et al. 2008) . Fluvial sediments are less sorted, and glacial and mass-wasted ones are strongly diverse, although electrostatic adhesion could increase the size of agglomerated grains (Mazumder et al. 2004) . The shape of individual particles and their size distribution provide information as sphericity of grains is in connection with transport distance and transport modes on Earth (Wentworth 1919 (Wentworth , 1922 Inman 1949; Friedman 1979) . Sediment particle size distribution has not been analysed on Mars yet, thus Earth analogues may provide some constraints here. Based on terrestrial analogues, the size distribution curves of aeolian sediments might show several superposed peaks (multimodal) beside a dominant one. The largest peak is in general characteristic for well sorted aeolian particles with short to medium duration/distance of transport. Two-grain sizedistribution parameters are being widely used to characterize the transport medium and the travelling distance on Earth: the median and the standard deviation (Blott and Pye 2001) . These parameters can be hopefully roughly estimated despite the fact that the measured size distributions will certainly be disturbed by the crushing station (Schulte et al. 2012a ).
Important differences compared to Earth include: (1) the probable lack, or subordinate role of quartz; and (2) the dominant role of other, slightly less refractory and harder minerals of basaltic rocks, such as olivine, magnetite, ulvospinel, and ilmenite. On Mars, wind is likely to be the main agent for recent particle sorting, but older fluvial conglomerates with coarser and wider grain size distributions could indicate fluvial origin (Newsom et al. 2015) in chronosequences.
The sample preparation influences the results, as the crushing station alters the size distribution (although mainly separates aggregates into original grains), the spatial context will be lost (although fragments might hold superpositional relations as mantled grains or vein fragments surrounded by host rock fragments). The change of particle size effects the measurement, especially spectral peaks (King and Clark 1989) . Using Raman analysis intensity increases usually as grain size decreases (Pellow-Jarman et al. 1996) , carbonaceous material might be easier to identify in trace amount in powder (Lopez-Reyes et al. 2013) , while shifting and broadening of peaks (Weber et al. 1993 ) might also appear in connection with crystal size change too, but this effect is partly material specific. The intensity of laser also matters, and the irradiance for RLS is set to 0.8-1.2 kW/cm 2 not to damage oxides, hydroxides and organics (Rull et al. 2013) . The particle size effect for infrared analysis is complex as larger particles might be agglomeration of smaller ones (especially for clays), but in general the decreasing particle size produces decreasing band strength (Cooper and Mustard 1999) , possibly influencing the interpretation of MicrOmega's results.
Indication of Water and Ice
Morphological observations of drilled grains, including shape plus size distribution (and their vertical change) could help to identify whether water or ice served as a transport media in the past. The variations in water content could be divided into physical and mineralogical/ chemical reasons. The observation of the physical variations will be difficult since most instruments are expected to characterise only crashed samples. In classical Earth sciences, features related to frost action are used to identify changes of ice in the shallow subsurface (e.g., ice and sand/sediment wedges, ice lenses, polygons, patterned grounds, sorted objects). When crossing such features, analyzing the vertical section of the drill core only particle size trends (and in ideal cases some morphological characteristics) could be identified, but the instrumental facility of EXM is not ideal for such observations. Humidity-related aggregate formation under the Martian conditions was observed by Phoenix, where adsorption produced aggregates of the regolith that fell into pieces by desiccation in the scoop. Similar behaviour will likely be recognizable in the drilled samples of ExoMars, depending on how long the target sample will be observed after coring. Ancient water in the form of ice might be incorporated into the sediments as pure ice lens/wedges, easily identifiable with the MaMISS instrument by the spectral signature of ice, while in parallel strong mineral signatures are not expected to be present. Ice bodies of recent age exist in the middle and high latitude regions based on excavations of fresh impact craters (Byrne et al. 2009 ). Older and buried ice layers cannot however be excluded in the low latitude region. Although the Martian cryosphere is extremely old, ice with Ga age is not expected at low latitudes in depths of 2 m.
Hydration Level
Minerals containing significant quantities of water, which are exotic on Earth, might be however present on Mars. Minerals capable of water up-taking, such as Mg-and Ca-sulphates, chlorides, and phyllosilicates, are present on the surface of Mars in an abundance of 8-25 % (Clark and Hart 1981) , and they could change their hydration state under the climatic changes that possibly took place in the Amazonian period (Carter et al. 2005) . Major influencing factors include the cold and rare atmosphere, diffusion barriers (duricrust) in the shallow subsurface (Bish 2003) , as well as thermal inertia and hydroscopicity. Hydration/dehydration is poorly understood in cold environments that are characterized by low water/rock ratio (Harvey et al. 2006 ; e.g. small liquid amounts with many mineral grains), and also with salts that formed earlier that may have experienced later changes. In this respect the important minerals are summarized below.
Fe and Mg sulphates: threshold conditions (humidity and temperature) for their hydration and dehydration (Jänchen and Brettschneider 2011) partly overlap with recent climatic changes, but the daily hydration cycle is weak. Highly hydrated MgSO 4 ·nH 2 O minerals might form under the Amazonian temperature regime at low latitudes, if ice had ever existed there. Such minerals (epsomite, hexahydrite) may be preserved till today (Vaniman et al. 2005 (Bish and Scanlan 2006) . Also jarosite (KFe 3 (SO 4 ) 2 ·(OH) 6 ) is thermodynamically stable today (Forray et al. 2004 ) besides other hydrous ferric sulphates (Hasenmueller and Bish 2005) . Under cold conditions and in the presence of water ice, highly hydrated phases like meridianiite, MgSO 4 ⋅11H 2 O might form (Leftwich et al. 2013) , which however melts incongruently above 2°C to 70 % epsomite (MgSO 4 ·7H 2 O) and 30 % H 2 O (Peterson and Wang 2006) .
Gypsum (CaSO 4 ·H 2 O system) could also occur as dehydrated or rehydrated (Weitz et al. 2013) . Acid fog models and laboratory experiments suggest that gypsum might form during the interaction of JSC-1 simulant material and H 2 SO 4 down to 255 K (Berger and AyangNzamé 2014) . Bassanite (CaSO 4 ·0.5(H 2 O)) forms from gypsum very slowly under the current Martian conditions, and its rehydration to gypsum occurs only in saturated water environments. Bassanite hydration produces gypsum in the presence of ice, thus bassanite and water ice are not expected to occur together (Robertson and Bish 2013) . If anhydrite (CaSO 4 ) exists, it is easily converted to bassanite. Gypsum and bassanite might form from the mixture of Ca-smectites and Mg-sulfates by cation exchange under a changing relative humidity (Wilson and Bish 2011) .
Hydrated Mg-perchlorate is stable under the current conditions on Mars. Deliquescence relative humidity (DRH) of Na-perchlorate increases with decreasing temperature (51 % at 273 K to 64 % at 228 K), thus under cold, almost saturated conditions (e.g. mixed with water ice) it might form even today, although 228 K is close to the sublimation temperature of water ice. The DRH of the hydrated Mg-perchlorate also increases with decreasing temperature, from 42 % at 273 K to 64 % at 223 K. But the efflorescence relative humidity (transition into solid state) is lower: 13 % and 19 % for NaClO 4 and Mg(ClO 4 ) 2 respectively in wide temperature ranges; thus, if once they got hydrated they tend to keep their humidity in dry conditions as well (Gough et al. 2011) .
Smectites could hold H 2 O molecules in partially dehydrated phases (Carey and Bish 1996; even in the current conditions. Mg-clays characteristically form in neutral to alkaline conditions, and might indicate extended duration of aqueous conditions and/or high water/rock ratios. For example Ca-smectites retain interlayer H 2 O even at 0 % relative humidity (Bish et al. 2002) and hydrated perchlorates imply H 2 O-rich conditions previously. Zeolites might form by alteration of hydrovolcanic basaltic ash and palagonites (Golden et al. 1993) . Simulations suggest, for example that clinoptilolite could stay highly hydrated even under current Martian conditions (Fialips et al. 2005) .
In general, different hydration states provide information on the past conditions. Subsurface hydration states are might be incompatible with the atmospheric conditions; thus substantial change is expected in the hydration state after drilling. Hydrated phases are almost resistant to daily temperature/humidity fluctuations (Robertson and Bish 2012) on Mars. For instance, gypsum is difficult to dehydrate today.
Concluding, hydration states may provide indications for a wetter and possibly somewhat warmer past climate compared to those that prevails today. Dehydration slows down in cold environments (Wang 2012) , thus Mg-sulfates that formed earlier could still be hydrated. Water ice might exist at middle latitude terrains at obliquity >45°(it might have formed in the last 4-5 Myr ago; Richardson and Wilson 2002) . Vertical variations of the hydration level in the drill hole thus provide crucial information on wet/icy past climates.
Compositional Issues
Phyllosilicates are among the most important targets for the primary landing site as they form under water action with certain range of past pH, temperature and wet durationalthough the effectivity of weathering and volume of produced clays are influenced by the grain size too. While early surface liquid flow has been proposed to explain the origin of these minerals, the exhumation of phyllosilicates at impact craters is also considered compatible with a shallow subsurface origin (Ehlmann et al. 2011) . Trends in elemental distribution could provide insights into their formation and later alteration. Even more recently the widespread occurrence of weathering sequences from orbital data (Al-rich kaolinites above and Fe/Mg smectites below) with the estimated ages suggest that surface liquids existed on Mars inthe Noachian (Carter et al. 2015) and contributed in the formation of phyllosilicates. Beside these weathering related possibilities phyllosilicates might also form by magmatic fractionation (Meunier et al. 2012) .
Compositional trends were reconstructed/inferred for Meridiani Planum from non-uniform deposition and/or migration of mobile magnesium-sulfates (Clark et al. 2005) . The upward sulphate and downward chloride migration point to temporal variations in pH and water/rock ratio caused by evaporation from the liquid-saturated sediment. Layer specific appearance of vugs (McLennan et al. 2005 ) might be produced by dissolution of MgCl 2 , or by the declining water table that resulted in NaCl leaching. Cation content of phyllosilicates also refers to their formation conditions: the higher solubility and mobility of Mg compared to Fe and Al suggests that Mg-clay may indicate aqueous conditions (Léveillé 2012) .
The paragenesis of clays and other minerals could point to differences in formation conditions, where Martian meteorites could also improve the estimations (Chatzitheodoridis et al. 2014) . Observations from EXM will help to clarify the complex picture of various model scenarios on the role of temperature, pH, available oxidizing agents and CO 2 partial pressure on phyllosilicate formation, and also selecting from the possible multiple routes to produce Fe/ Mg-smectites. Modelling of weathered basaltic materials' evaporation suggests early formation of nontronite and magnetite (Chevrier 2009 ), where nontronite indicates oxidizing conditions at various temperatures, while at reducing conditions the temperature has stronger control, and nontronite forms only <50°C. Above that, it is replaced by saponite, at higher temperature serpentine and chlorite are characteristic. At high CO 2 partial pressure kaolinite replaces nontronite under low temperature. Another set of models using paragenesis of phyllosilicates, amorphous silica, sulphates (identified by Spirit rover) is compatible with acid weathering of even older phyllosilicates. For Mawrth Vallis region similar modelled acid leaching of mixed phyllosilicates produces kaolinite overlaying montmorillonite that caps Fe/ Mg-smectites (Altheide et al. 2010) . The water/rock ratio also matters, as high w/r values produces Al-phyllosilicates and amorphous silica, while elevated CO 2 pressure supports the formation of carbonates instead of smectite (Catalano 2013) , and oxic weathering prefers producing Mg-saponite with nontronite. The analysis of these minerals together with the sedimentary information provides input whether the given environment was a fast flowing river dominated, or slowly seeping shallow subsurface water dominated.
The MicrOmega and the Raman instruments are expected to assist in the identification of phyllosilicates and the determination of their type. Although the 2 m long drill might not be enough to profile the expected sequence of upper Al clays and lower Fe/Mg clays, the comparison of several drill profiles at different stratigraphic locations might help to at least distinguish between weathering by surface vs. weathering by subsurface liquids, if topography and stratigraphy are well known.
Discussion
With the instruments onboard ExoMars, research work should focus on issues that would lead to the identification of signatures of past climatic variations. On the Martian surface, sedimentation rates were in general decreased after the Noachian/Hesperian transition; thus, substantial masses of sediments are expected to be accumulated during long periods of time in the Amazonian era, or by major events such as fast floods or mass movements. Indicators of such events is likely to be the coarser grain size distributions should be, distinguished by airborne dust from their more uniform small, and well-sorted particle size.
Particle size and shape may also give insights into transport processes. The maximum size of well-sorted particles of aeolian origin could suggest wind strength and atmospheric density variations, although possible agglomeration of smaller particles is more dependent on electrostatic forces, which must be better understood and should be taken into consideration during data interpretation (Kok and Renno 2005) . The chemical and mineralogical composition of the eroded and transported particles could provide information, both on the source areas and the scale of transport distances. Although the knowledge of the heterogeneity of source of transported materials for Mars is still poor, except certain potential locations composed of salt particles. For that purpose, temporal variations along the vertical strata would be a useful indicator. In the absence of the mechanically and chemically resistant quartz in the mineralogy of Mars, the most resistant components of basalts (that could be identified by MicrOmega and Raman methods) are minerals such as olivine, magnetite, ulvospinel, and ilmenite.
Vertical trends are expected in the oxidation level and therefore also variations in the concentration of possible organic material constituents, mainly controlled by parameters such as gradients of the surface UV dose, the oxidizing chemistry (Stoker and Bullock 1997) , and possibly, decreasing with depth by ionizing radiation (Dartnell et al. 2007a ). The on-board instruments are capable of detecting these variations in mineral composition. Especially the comparison of hydration levels of the same mineral(s) collected at different drill depths would assist in separating the layers that indicate different formation conditions, as described in the following paragraphs.
Hydrated minerals are of high importance, although for the firm identification of the existence of past water, hydration is not enough without other, mainly textural information (Mustard et al. 2008) . For example, grains that are rounded could provide such information, although this is relevant mainly for larger grains (e.g. gravels), which however are not expected to be easily seen after drilling. Other possibilities come from the sedimentary issues, such as fine-layered depositional features-although here the separation from ice related deposition and hydration could be difficult. The presence of water weathered clays might help but their formation requires specific temperature and pH. Imbrication could also point to fluvial deposition, but also here the limited information on the borehole walls (because of their small size) might cause problems. Optical appearance of the lithology like in an outcrop can not be acquired, although the infrared data from MaMISS could show several features. Thus the regional context provides useful information here (for example drilling into a fluvial fan or in channels running toward depressed depositional area).
Among the hydrated minerals, Mg-sulfates and perchlorates tend to keep their hydration state under dry conditions because of kinetic effects (Vaniman et al. 2004b ). But if a certain layer (earlier surface horizon) was exposed to elevated temperatures and dry conditions (such as today's equatorial locations), this layer might dehydrate. Because of the cold, rare atmosphere on Mars, and since the diffusion between hydrated phases is limited, the hydration state of buried minerals could be preserved and may indicate their formation conditions. Pure ice layers might also be present in a buried form, although should be avoided because of safely issues (gas exhalation by fast ice sublimation). Such shallow ice layers were identified only at middle and high latitudes (Byrne et al. 2009 ), but the presence of similar layers cannot be excluded at low latitude, possibly formed during even earlier climatic cycles.
Beside the hydration by deposited ice, eutectic freezing of brines could also take place. Such layers are likely made of sulphates, chlorides, and perchlorates. The finely grained eutectic intergrowths (Rieck et al. 2005) , the specific lamellae and the matrix around rods of ice-I are indicative of liquid state before eutectic freezing (McCarthy et al. 2007 ), but might be difficult to be observed because they are small and could be easily destroyed during sample acquisition. Thus, indirect argumentation is required to separate highly hydrated phases formed by freezing of bulk brines from solid ice. The high abundance of water over the stoichiometric composition could be such an indicator. Another possibility is the Na/Mg ratio in perchlorates that could roughly point to the formation conditions. Joint occurrence of epsomite and water ice probably points to melting, but the produced water ice could easily further sublimate.
Composition of mineral assemblages could be affected by the co-presence of certain minerals; for example, smectites suppress the deliquescence of Mg-sulfate, and the coexistence of these two minerals may buffer the relative humidity in porous voids, and produce phases with hydration level inconsistent with the atmospheric conditions (Wilson and Bish 2012) . Thus, joint occurrence of sulphates and smectites are good indicators of important targets. Dehydration of MgSO 4 ·nH 2 O systems might take place at substantially slower rates if smectites are present at the same location ( Table 2) .
The importance of drilling with access to 2 m depth can be related to avoid the organic disintegration effects from surface such as: UV radiation from, with a penetration depth in the mm scale inside the volume of samples; diffusion of oxidants that are produced on the surface, with penetration depths in the cm-dm scale; and, particle radiation, with penetration depths in the meter scale (Dartnell et al. 2007b) . Less destroyed remnants of earlier organic molecules are expected below 2 m or at sites that were exhumed only recently. In a hypothetical set of strata, originally with a vertically homogeneous concentration of organics, a trend is expected and might also be observed between the concentration and the complexity of the organics in correlation with the depth and the concentration of the identified oxidants in the given layers. Here, the diversity observed by MOMA, Raman, and MicrOmega is expected to provide an important insight into the interpretation of the distribution of the organics, while putting them in a spatial context and might give information on the potential layers that carry the organics. The role of particle irradiation on the Raman observability of certain organisms has been already analysed in laboratory, when simple bacteria showed substantial decrease of Raman peak intensity from cellular carotenoids along with increased dose (Dartnell et al. 2013 ).
Expectations at EXM Rover Landing Sites
Among the four candidate sites (Vago et al. 2014; Loizeau et al. 2015) Oxia Planum (18.20°N, 335.45°E) was selected as the primary landing site for the 2018 mission. There is a basin at the outlet of the Coogoon Valles system, an area which is an eroded, old highland terrain with outflow channels and sediments. The exposures of layered Fe/Mg phyllosilicates suggest ancient water action, while at certain locations the dark, possibly volcanic, material has been eroded only recently (~100 million years). The aqueous conditions of this area along with the fine-grained sediments are potential hosts for preserved microorganisms from the early era of Mars. For the 2020 launch window, in addition to Oxia Planum, a second site, to be selected between Aram Dorsum and Mawrth Vallis, they are considered below.
Aram Dorsum (7.9°N, 348.8°E) shows flat toped sinuous ridges as remnants of long term (and not catastrophic) fluvial activity, they were emphasized by relief inversion (Sefton-Nash et al. 2015) and surrounded by polygonized marginal material. The whole stratum is partly overlain by ejecta and later sediments. The middle Noachian aged, recently exhumed (300-100 Ma) aggradational river system might left behind coarse grained sediments. For organic material preservation probably the finer grained inter-channel (flood-plain) deposits are better (Balme et al. 2015) . At several locations the lack of evidence for hydrated minerals might be caused by dust cover that should be taken into account for planning the drills' location. Great variety of particulate material is expected with depositional signatures of flowing liquid, where shape and size distribution of grains are important, especially at the outcrops of the inverted channels. Between them at the floodplain area the fine scale material might show elevated occurrence with possible enhanced preservation of organics. Mawrth Vallis region (22°N, 342°E) is an altered phyllosilicate rich area with bright, indurated, high thermal inertia (Loizeau et al. 2006) ) clay minerals that are often present at plateau-like old and eroded units, which were sculpted by a large outflow channel (Carter et al. 2015) . The Fe-rich nontronite is located at the bottom, the Al-rich phyllosilicates at the top of the vertical sequence (Loizeau et al. 2007 ), together with some kaolinite and hydrated silica (Bishop et al. 2007 ). The altered, occasionally >100 m or thick unit is capped by a dark, up to 10 m thick probably volcanic layer. The expected aqueous, moderate pH, low temperature conditions inferred for the clay formation are favourable for astrobiology. The mineralogy provides information on the ancient weathering process, including the possible leaching that produced Al-rich phyllosilicates from Fe/Mg-rich ones in the shallow subsurface or in surface water. Phyllosilicates also support the preservation of organics, although it is difficult to extract organics from them.
Based on orbital neutron spectrometry data, water content in the top 1-2 m of the regolith may reach 10 % at equatorial terrains and is probably bound in clays or zeolites (Vaniman et al. 2004a, b) . A good candidate/proxy is the MgSO 4 ·nH 2 O system where, based on experiments relevant to Martian conditions, hexahydrite, gypsum, and starkeyite are the expected minerals. At the primary EXM landing site 4-7 % H 2 O water equivalent hydrogen abundance is present at the top 2 m of regolith (Feldman et al. 2004 ) with small annual variation in bound water content (Kuzmin et al. 2006) including two elevated periods around Ls = 90 and 280. The annual difference might influence adsorption properties of fine dust and affect the appearance of the powder coming out from the drill.
Smectites are suggested to form in the shallow subsurface by water percolation in the Noachian period (Ehlmann et al. 2011; Ehlmann 2013 , Mangold et al. 2007 ). Thus, the expected long term subsurface water percolation most probably has altered all grains, also capable to be observed and analysed by the MicrOmega instrument. Hesperian sulphates are mainly surface evaporates, thus evaporation, eutectic freezing, and salt formation might have occurred. The stability of gypsum is close to the current Martian surface conditions and this mineral can be formed in areas with prolonged occurrence of 100 % relative humidity (probably bulk water ice).
Conditions suitable for the formation of micro-volumes of liquid water at low latitude in Gale crater were recently identified with night-time hydration of perchlorate grain surfaces (Martín-Torres et al. 2015) . This daily water cycle might influence the behaviour of perchlorates during drilling, and especially the extracted sample powders, thus the results of certain measurements (especially the OH content) should be corrected for this effect, implying that exact meteorological data are required during the work of ExoMars. Hydrated perchlorates were already identified by Curiosity in Gale crater (Archer et al. 2014) , and they are also expected at the EXM landing site.
The joint usage of instruments could be further exploited on several investigations, especially the results from the MaMISS and the MicrOmega instruments can be combined very well, as the first provides IR data on the original setting and the second provides high resolution data on the powdered material with gain scale information (size and shape together with composition). MaMISS can be used to integrate the results spatially (i.e., which grain type came from which layer) before the crushing and mixing process. Beside the direct sample analysis, the results of WISDOM (cm-resolution subsurface geological investigation) and ADRON (sub-surface water and hydrated minerals) instruments that will cover the landing site is also planned to identify subsurface OH contents, and target the drill. The knowledge on the sedimentary setting, with the added advantage provided by the WISDOM instrument (Ciarletti 2009 ), will helps in integrating the orbital observations in a stratigraphic analysis in order to optimise the drilling investigations by comparing the dielectric properties based on density, hardness, and porosity of the different locations. In the same way, ADRON will provide information on the subsurface ice content and hydration analysis before drilling, and gives possibility for the ranking between different locations regarding the subsurface OH content. In the ideal case, daily or especially annual hydration changes could be observed that will improve the interpretation of the OH content of the shallow subsurface.
Although during the drilling process the target materials might dehydrate, at low drill speeds and with low temperatures maintained during coring, it is probable that at least detectable quantities of the original OH content of the minerals will be preserved. Measurements should be taken Bright after^the drilling operation (in seconds to minutes) and also on longer time periods (days to weeks) in order to demonstrate the effect. Here, the weather monitoring of the nearby surface platform of the lander could provide the required correction data. The sampling procedure is already developed accordingly, aiming to the minimisation of possible OH losses (Schulte et al. 2010 ) by transferring the sample from the drill onto the Core Sample Handling Mechanism in less than 15 min. There, PanCam and CLUPI will image the sample and immediately ingest it into the rover's Analytical Laboratory Drawer (ALD) at the end of the sol. Thus, the sample will be protected inside the rover overnight (Baglioni 2014) . The sample crushing is planned to take place immediately in the next early morning, when temperatures are still below −40°C, thus OH and organic content are expected to be preserved. During drilling, the minerals at the rim of the drill rock cylinder are expected to be influenced more than those in the middle of the cylinder (but here if bulk ice is present, rapid water ice sublimation might produce an upward gas jet), while crushing will influence the volume of sample, thus investigation to minimize and further understand the consequences are underway (Baglioni et al. 2013; Magnani et al. 2010) . As high water ice content might cause a risk for the drilling process, such locations should be avoided.
Based on the neutron spectrometry data, the drill will certainly cross the OH-containing part of the strata. The borehole walls can be desiccated after drilling; however, to gain a solid understanding of its possible role in changing the hydration state during the processing just like the reactions of the oxidants, some more testing is required. Thus the change in dehydration in the sample and the borehole wall (subsequent MaMISS scans) should be correlated.
Lessons Learned from the Curiosity Rover
Recent results from the Curiosity rover on the regolith and the rock outcrops of the Gale crater provided significant insight into the observational possibilities for the EXM rover. Using the morphological analysis of MAHLI, a bimodal grain size distribution was found, suggesting a related bimodal transport with active deflation (Minitti 2013) . Using MastCam and MAHLI images, millimetre-sized nodules were found in the Sheepbed member of the Yellowknife Bay formation (Stack 2014) , and these early formed concretions suggest that groundwater played and important role in the diagenesis at this location. The analyzed rocks were Na-and Al-rich mugearite and alkali-rich basalt, with a wide range of Fe, Mn, K content. They could be volcanic and/or volcanoclastic re-deposited rocks, with signatures of weathering and element concentration in certain minerals (Schmidt et al. 2014) . Using only the ChemCam instruments, existence of orthopyroxene and palagonite-like materials, range of ferric and ferrous components were identified (Johnson et al. 2015) , providing examples how surface multispectral survey helps to separate different potential targets for drill. ChemCam also provided examples for composition-based grain scale separation between materials (Cousin et al. 2015) , what is of great potential for MicrOmega.
Among the H 2 O and OH bearing components phyllosilicate(s), bassanite, akaganeite, sulphides, and amorphous materials were identified by Curiosity (Ming 2014; Vaniman et al. 2014) , beside sulphates, sulphides, iron-oxides or hydroxides. Carbonates and possibly organics have been produced by pyrolysis (Leshin 2013) . Careful interpretation of any organics, especially chlorinated ones, is required in the future as perchlorates react with organics at elevated temperature, producing new compounds. Laboratory tests show low molecular weight organic matter reacts at lower temperatures relatively to high molecular weight compounds (Sephton et al. 2014 ). Perchlorates will also play a unique and important role in the analysis of EXM (Carrier and Kounaves 2014) , and their role will decrease downwards during the drilling process.
Combining morphological and compositional observations, the pebble rich conglomerates and lacustrine mudstones suggest ancient wet conditions in Gale crater (Vasavada et al. 2014 ). Fractures filled with calcium sulphate veins (gypsum, anhydrite, bassanite) were formed by relatively non-acidic circulating fluids (Nachon et al. 2014 ) from such liquids that persisted well after sedimentation and lithification. This mineral assemblage suggests chemical disequilibrium conditions (with carbonates of alkaline and sulphates of acidic conditions, Archer et al. 2014 ). Curiosity's work provided a good example on how different in-situ observations could be integrated to identify the past occurrence of an ancient natural pH and low salinity lake with materials of variable redox states, which existed for tens of thousands years (Grotzinger et al. 2014) . Many similar observations and conclusions could be reached by the EXM rover as well.
Conclusions
Comparing the expected paleo-environment indicators and EXM rover's capabilities, the following observations are relevant (main topics of expected discoveries are emphasized with bold). During drilling various structural features may be intersected, however the available data during this activity might not be enough to recognize all of them. Basic sedimentary structures (i.e., layering and lamination) are the easiest to observe in optimal MaMISS scans. Using the acquired particles' characteristics, such identification also seems possible but it is likely to be limited by the applied sampling interval.
Information gained on the grain morphology, size distribution and the mineralogy together provides insight into the formation, transport, and deposition of the given material. Aeolian and water flow transported grains could be separated by their size and shape. The separation of weathering before or after the deposition is difficult with restricted textural information. Here, the joint interpretation of high resolution optical and infrared imaging surveys, and comparison of the grains to each other, might provide hints on the sequence of events, together with the regional geological context. Table 3 Overview how to extrapolate from observations by various instruments (1st column) to processes and past environment types (2-7th columns) of past conditions. The focus should be on identifying vertical differences for each parameters (grain size, OH content). Abbreviations: comp.
-composition, heterog.
-heterogeneous or heterogeneity, homog.
homogeneous or homogeneity, surf.
-surface). Light gray shading marks the two expected environments which might emerge periodically by orbital tilt driven recent climatic changes, and dark shading mark the environment with the long duration of expected habitability conditions together with organic preservation. It is important to note that to detect organics some burial might help much and such burial could be surface location type independent Processes and environments/ instrument Among the minerals, olivine is expected to be frequent in Martian sediments because it might survive long distance transport due to its hardness. Using the observed ratio of fresh and weathered olivines (identified by MicrOmega and Raman) information on the weathering potential (thus w/r ratio, temperature and pH) could be roughly estimated and measured along the drill, where vertical change point to temporal changes of weathering and related past climate.
The high hydration level of perchlorates and sulphates points to saturation conditions in the past, as they might preserve their water content. Bassanite and gypsum are strong indicators of past water ice, but their stability is better in the long term if they are mixed with smectites (dehydration of MgSO 4 ·nH 2 O systems is slower if smectites are present in the system) and cation exchange also could take place. Sulphates and phyllosilicates can form mostly separately by different processes (Poulet et al. 2005 ), but occasionally they may be present together and influence each other. The hydration level of minerals should be used together with the textural and sedimentary information to differentiate between past water or ice-related conditions. While textural structures of eutectic freezing might not be observable, upward sulphate and downward chloride migration could also point to evaporation. The existence of much water ice and hydrated minerals together might point to eutectic freezing of bulk brines. Indirect methods, such as the cation abundance could help, for instance by the evaporation of more Mg than Na precipitates as perchlorates, while during the eutectic freezing it is expected that less Mg than Na perchlorates will precipitate (Marion et al. 2010) . However because no instrument is present for the direct cation identification, indirect methods should be used to estimate such compositional issues. Regional stratigraphic context from orbital, in-situ panoramic observations, together with the subsurface data from WISDOM, will help to correlate layers with outcrops from a given depth. The co-presence of different mineral phases and sedimentary features could put constraints on estimations of ancient conditions (Table 3) .
Based on the above argumentation, substantial improvement is expected for past environment reconstruction, exploiting the joint usage of different observation types and local geological context. It is also worth mentioning that drilling the Martian regolith will be done for the first time, and during the process the rover science team will gain useful experience. More certainly, during the progress of the mission the drilling process will improve significantly. Analytical feedback from the instruments (data from the neutron detector, nearby outcrops for regional context) will also assist in getting the required experience to allow better estimation of the OH content in the subsurface. The knowledge gained during earlier drills will influence the design and planning of the later ones (improving the workflow and the targeting), and despite the EXM is the first rover to carry a high depth drill system, the described synergy will probably reach a high level.
